Objective: Although all definitions of acute respiratory distress syndrome use some measure of hypoxemia, neither the Berlin definition nor recently proposed pediatric-specific definitions proposed by the Pediatric Acute Lung Injury Consensus Conference utilizing oxygenation index specify which Pao 2 /Fio 2 or oxygenation index best categorizes lung injury. We aimed to identify variables associated with mortality and ventilator-free days at 28 days in a large cohort of children with acute respiratory distress syndrome. Design: Prospective, observational, single-center study. Setting: Tertiary care, university-affiliated PICU. Patients: Two-hundred eighty-three invasively ventilated children with the Berlin-defined acute respiratory distress syndrome. (22, 19, 14 , and 0 ventilator-free days across worsening Berlin categories; p < 0.001) and duration of ventilation in survivors (6, 9, 13 , and 24 d across categories; p < 0.001). Similar results were obtained with 24-hour oxygenation index. Conclusions: Pao 2 /Fio 2 and oxygenation index 24 hours after meeting acute respiratory distress syndrome criteria accurately stratified outcomes in children. Initial values were not helpful for prognostication. Definitions of acute respiratory distress syndrome may benefit from addressing timing of oxygenation metrics to stratify disease severity. (Crit Care Med 2015; 43:937-946) Key Words: acute respiratory distress syndrome; oxygenation index; Pao 2 /Fio 2 ; pediatric I n neither the 1994 American-European Consensus Conference (AECC) (1) nor the 2012 Berlin definitions (2) of acute respiratory distress syndrome (ARDS) were pediatric considerations addressed. Absent such, AECC and Berlin definitions are applied to children without modification, despite the different epidemiology and outcomes of pediatric ARDS (PARDS) (3) (4) (5) (6) . To address this, the Pediatric Acute Lung Injury and Sepsis Investigators sponsored the Pediatric Acute Lung Injury Consensus Conference (PALICC) (7) to propose definitions for PARDS. Notable differences in the PALICC definition are use of oxygenation index (OI) instead of Pao 2 /Fio 2 , alternative stratification based on Spo 2 rather than Pao 2 (oxygen saturation index) (8, 9) , and less restrictive radiographic criteria (10) .
Common to all ARDS definitions is reliance on some measure of hypoxemia as a marker for lung injury. However, specifically when clinicians should measure this value for ARDS risk stratification is unclear. Pao 2 /Fio 2 is susceptible to ventilator settings (11, 12) , venous admixture (13) , and Fio 2 (14, 15 
MeTHODS

Study Design and Patient Selection
This prospective, observational study was approved by the Children's Hospital of Philadelphia's (CHOP) Institutional Review Board, and requirement for informed consent waived. As AECC (and Berlin) definitions of ARDS rely on invasive measures of oxygenation, only patients with arterial access were screened.
Consecutive patients in the PICU were screened daily for AECC-defined ALI and study eligibility between July 1, 2011, and June 30, 2014. Inclusion criteria were 1) acute respiratory failure requiring invasive (via endotracheal tube or tracheostomy) mechanical ventilation projected to last more than 24 hours, 2) invasive arterial access, 3) age older than 1 month (to avoid confounding by neonatal physiology) or younger than 18 years, 4) Pao 2 /Fio 2 up to 300 on two consecutive arterial blood gases separated by at least 1 hour, and 5) bilateral parenchymal infiltrates on radiograph. Exclusion criteria were 1) respiratory failure from cardiac failure (determined by echocardiography) or fluid overload, 2) exacerbation of underlying chronic respiratory disease, 3) chronic ventilator dependence, 4) mixing cyanotic heart disease, 5) mechanical ventilation for more than 7 days before Pao 2 /Fio 2 up to 300, and 6) ARDS established outside of the CHOP PICU. Determination of bilateral infiltrates was made independently by a blinded PICU attending and a blinded pediatric radiologist; only cases agreed to by both as consistent with ARDS met inclusion. Determination of hydrostatic pulmonary edema (from either heart failure or anuric/ oliguric renal failure) as the sole etiology of respiratory failure was made in consultation with the PICU attending using available data. As the study was initiated prior to Berlin definitions of ARDS, we did not specify a minimum positive end-expiratory pressure (PEEP); however, our institutional practice does not use PEEP less than 5 cm H 2 O, and all patients therefore met Berlin criteria for ARDS.
Data Collection and aRDS Management
Demographics, ventilator settings, laboratory data, and medications were recorded for the first 3 days of ARDS. We recorded first qualifying values (after initiation of ventilation) of Pao 2 / Fio 2 and OI at ARDS diagnosis, 24 hours after diagnosis, and worst values in the first 24 hours. Ventilator settings were recorded at ARDS diagnosis and 24 hours afterward.
Absent a standardized ventilator protocol, our institutional practice is to initiate conventional ventilation with a minimum 5 cm H 2 O of PEEP and attempt to wean Fio 2 to up to 0.60. There is no specific target Pao 2 , but typically Pao 2 at least 60 mm Hg is accepted as long as there is clinical stability. Inability to wean Fio 2 prompts PEEP escalation and subsequent efforts to wean Fio 2 , attempting to maintain peak inspiratory pressures (PIP) up to 35 cm H 2 O. We exclusively use decelerating flow during conventional ventilation (either pressure control or pressureregulated volume control). Persistently elevated PIP (≥ 35 cm H 2 O), ongoing hypercarbia (Paco 2 ≥ 80), or oxygenation difficulties (inability to wean Fio 2 ≤ 0.60 despite increasing PEEP) prompted consideration for changing mode of ventilation or escalating to extracorporeal membrane oxygenation (ECMO). There was no standardization of ancillary therapies (inhaled nitric oxide [iNO], surfactant, neuromuscular blockade, and prone positioning), which was left to the discretion of the attending physician.
equations and Definitions
Metrics of oxygenation used were Pao 2 /Fio 2 and OI ((mean airway pressure [mPaw] × Fio 2 × 100)/Pao 2 ). The vasopressor score (16, 17) is as follows: dopamine dose (μg/kg/min) × 1 + dobutamine (μg/kg/min) × 1 + epinephrine (μg/kg/ min) × 100 + norepinephrine (μg/kg/min) × 100 + phenylephrine (μg/kg/min) × 100 + milrinone (μg/kg/min) × 10. Extrapulmonary organ failures at time of ARDS diagnosis were identified using accepted definitions in children (18) . The designation of "immunocompromised" required presence of an immunocompromising diagnosis (oncologic, immunologic, rheumatologic, or transplant) and active immunosuppressive chemotherapy or a congenital immunodeficiency (19) . Severity-of-illness score used is the Pediatric Risk of Mortality (PRISM) III at 12 hours. 
A B C D E F
Reported outcomes are PICU mortality, VFDs at 28 days, and duration of mechanical ventilation. All mention of "mechanical ventilation" in this study implied "invasive" ventilation, and noninvasive support was not counted toward VFDs or total ventilator days. For VFDs and duration of mechanical ventilation, the first day was initiation of invasive ventilation. Liberation from invasive ventilation for more than 24 hours defined duration of mechanical ventilation. Patients requiring reinitiation of invasive ventilation after 24 hours of extubation had the extra days counted toward total ventilator days. VFDs were determined by subtracting total ventilator days from 28 in survivors. All patients with total ventilator days at least 28 days and all PICU nonsurvivors were assigned VFD = 0. 
Statistical analysis
Data are expressed as percentages or as median (interquartile range, IQR). All variables were found to be nonnormally distributed by Shapiro-Wilk. Differences between distributions of categorical variables were analyzed by Fisher exact test. Continuous variables were compared using KruskalWallis test. The 95% CI for categorical variables were computed using Jeffreys interval for binomial proportion. In some analyses, the outcome VFDs at 28 days was dichotomized to days 0 or more than 0 days or separately as up to 14 days or more than 14 days. A nonparametric test of trend was used to test if rates of mortality, VFDs = 0, or VFD up to 14 increased across worsening ARDS severity. Receiver operating characteristic curves were constructed for testing predictive ability of the Berlin and PALICC definitions of ARDS using dummy variables for oxygenation categories. Data were analyzed using Stata 10.0 (StataCorp, LP, College Station, TX).
ReSUlTS
Characteristics of the aRDS Cohort
During the study period, 10,618 patients were admitted to the CHOP PICU, of whom 2,851 were anticipated to be ventilated more than 24 hours. Of these 2,851, the 737 patients with arterial catheters underwent screening, and 283 met eligibility criteria (Fig. 1) . This gave an ARDS prevalence of 2.7% of PICU admissions and 9.9% of those ventilated more than 24 hours. Characteristics of the ARDS cohort are summarized in Table  1 . Chronic comorbidities were present in 168 patients (59%). Pneumonia (58%) and sepsis (18%) accounted for most lung injury. Median Twenty-four hours after meeting ARDS criteria, 61 patients transitioned to alternative modes (33 HFPV, 24 HFOV, and four airway pressure release ventilation, APRV), five patients escalated to ECMO (three venovenous and two venoarterial), and one patient died. In the 277 surviving patients not on ECMO in whom Pao 2 /Fio 2 and OI could be computed, Pao 2 / Fio 2 had improved to 222 (IQR, 165, 274) and OI to 6.9 (5.2, 10.5). At 24 hours, in the 216 patients remaining on conventional ventilation, PEEP and V T were not substantially different than at ARDS onset (PEEP range, 5-15 cm H 2 O).
In total, 99 patients transitioned to HFPV (n = 48), HFOV (n = 36), or APRV (n = 15) within 72 hours of ARDS, of whom 14 died. Thirteen patients transitioned to ECMO at any point (seven venovenous and six venoarterial), with three deaths (all venoarterial). There were 37 total PICU deaths (eight persistent hypoxemia, 11 multisystem organ failure, and 18 withdrawal of care), for an overall mortality rate of 13%.
Predictive ability of Oxygenation Metrics
Initial Berlin Pao 2 /Fio 2 and PALICC OI categories at ARDS onset failed to discriminate mortality; however, values 24 hours afterward, as well as the worst values in 24 hours, discriminated mortality ( Table 2) . Similar results were obtained for VFD = 0 days or VFD up to 14 days ( Table 3) . Berlin categories using initial Pao 2 /Fio 2 values did not demonstrate differing mortality between mild and moderate but showed elevation in the severe category ( Fig. 2A) . However, the Pao 2 /Fio 2 24 hours afterward, and the worst Pao 2 /Fio 2 in the first 24 hours, demonstrated stepwise increase in mortality across worsening categories (Fig. 2, B  and C) . Similar results were seen for PALICC categories (Fig. 2  D-F) , except for a small number of patients (n = 6) with OI less than 4 despite a qualifying Pao 2 /Fio 2 up to 300 (Fig. 2D) .
Under Berlin oxygenation categories, 33 patients were reclassified to a more severe Pao 2 /Fio 2 category at 24 hours and 143 patients to a less severe category. Similarly, using PALICC categories, 27 patients were reclassified to higher severity categories based on 24-hour OI and 129 patients to a less severe category (Fig. 3) .
Berlin and PALICC categories derived from the Pao 2 /Fio 2 ( Table 4 ) and OI ( Table 5 ) 24 hours after ARDS onset demonstrated fewer VFD and increased duration of ventilation in survivors across worsening categories (all p < 0.001 for differences in VFD or duration of ventilation). Corresponding categories derived from the worst Pao 2 /Fio 2 or OI, however, did not demonstrate fewer VFDs or increasing duration of ventilation; however, both worst and 24-hour values adequately discriminated the dichotomous outcomes of mortality, VFD = 0 days, and VFD up to 14 days.
Oxygenation categories derived from 24 hours and worst Pao 2 /Fio 2 and OI performed well in high-risk cohorts with higher mortality, suggesting durability of these metrics independent of mortality risk. Increasing extrapulmonary organ failures at ARDS diagnosis correlated with increasing mortality rate (Fig. 4) . In subgroups with the highest mortality (≥ 3 organ failures, 34% mortality), the 24-hour and worst values adequately discriminated mortality (Fig. 4) . Similar results were found for immunocompromised patients (35% mortality) (Fig. 5) Because iNO may temporarily improve oxygenation, the impact of this therapy was studied. We conducted a parallel analysis excluding patients exposed to iNO (Supplementary Table 1 
DISCUSSION
We report the largest PARDS cohort undergoing invasive ventilation described to date in North America, the most recent testing Berlin criteria in children, and the first external validation of PALICC categories. Berlin categories based on initial mechanical ventilation in survivors. Similar results were seen for PALICC categories based on OI. Our ARDS prevalence (5, 6, 20, 21) and severity of illness (4, 6, 22, 23) were similar to prior cohorts, with comparable PRISM III (4, 6) and initial Pao 2 /Fio 2 at ARDS diagnosis (4, 23) . Our initial PEEP of 10 cm H 2 O (IQR, 8, 12 ) is double that reported by Flori et al (4) and Hu et al (20) and more consistent with Pediatric Acute Lung Injury Epidemiology and Natural History (6) and the Australian/New Zealand cohorts (5), possibly suggesting increasing comfort with higher PEEP in pediatrics. Similarly, our use of nonconventional ventilator modes (6% at diagnosis of ARDS, 35% within 72 hr) is consistent with recent reports (5, 6) but is higher than reported in older studies (3, 4) . The 13% mortality is lower than reported by most observational studies (4-6, 20, 24, 25) but consistent with contemporary cohorts (Fig. 6) (22, 23) and some randomized trials (26) (27) (28) . This may reflect improving care over time or adoption of adult-based evidence, including lower V T (29), higher PEEP (30, 31) , or fluid restriction (32) .
De Luca et al (22) recently performed validation of Berlin criteria in infants and demonstrated that improved performance of the Berlin definition was due to introduction of a "severe" category with higher mortality, with little difference seen between mild and moderate. These results parallel our data (Fig. 2) , as De Luca et al (22) extracted initial Pao 2 /Fio 2 at time of ARDS diagnosis.
Although others have demonstrated that persistence of oxygenation defect is associated with mortality (6, 21, 33) , we are the first to test this using Berlin and PALICC categories in children and to accurately categorize lung injury using 24-hour Pao 2 /Fio 2 and OI. Oxygenation measurements at ARDS onset may poorly predict outcome because of inadequate lung recruitment and underresuscitation affecting Pao 2 ; the same measurements after 24 hours of attempted stabilization may more accurately reflect lung injury. Ventilation/perfusion mismatches present at ARDS onset may be improved after 24 hours, thus allowing oxygenation metrics to more accurately reflect true shunt. This is supported by our finding that four times as many patients were reclassified to a less severe category at 24 hours than to a more severe one (Fig. 3) . Villar et al (11, 12) (Tables 4 and 5 ). One cost of this improved characterization is a drop in sample size: while 56 patients met Berlin criteria for severe ARDS based on initial Pao 2 /Fio 2 , by 24 hours this category only contained 19 patients. In pediatrics, this may potentially be addressed by substituting mortality with alternative outcomes (VFD = 0 at 28 d or VFD ≤ 14) which occur more frequently than death. Needing to wait 24 hours to categorize ARDS severity should not impact recruitment, as most published trials enrolled up to 48 hours after meeting ARDS criteria (26, 27, 34) . Indeed, the Prone Positioning for Severe ARDS trial (35) restricted entry criteria to Pao 2 /Fio 2 up to 150, which was reconfirmed 12-24 hours after initially meeting entry criteria, suggesting that persistently poor Pao 2 /Fio 2 can be used as entry criteria to accurately identify more severely affected subgroups in which to test interventions.
Our study has limitations that may affect comparisons and generalizability. The study was conducted at a single center, and although demographics and severity of illness are comparable to other PARDS cohorts, mortality rate, ventilator practices, and utilization of ancillary therapies or alternative ventilator modes may not allow translation to other PICUs. Also, as we restricted enrollment to patients undergoing invasive ventilation with arterial access and required two consecutive Pao 2 /Fio 2 up to 300, we selected only a fraction of patients with respiratory failure. However, our eligibility criteria were similar to many PARDS trials (27, 34) . Exclusion of patients without arterial access likely resulted in an underestimation of ARDS prevalence (36) ; however, as the Berlin definition requires invasive Pao 2 /Fio 2 , for this definition, at least we provide a reasonable estimate. Finally, as the study was initiated in 2011 before publication of either the Berlin or PALICC definitions, we were limited by our inclusion criteria of 1) invasive mechanical ventilation, 2) Pao 2 /Fio 2 up to 300, and 3) bilateral infiltrates. Although this allowed universal application of the Berlin criteria to our population, it limited true validation of the predictive ability of the PALICC criteria: we could only judge utility of the PALICC criteria in patients who already met Berlin criteria. Despite this limitation, we demonstrated that OI 24 hours after meeting PARDS criteria had better predictive ability for outcome and more accurately categorized severity of lung injury.
CONClUSIONS
Pao 2 /Fio 2 and OI measured 24 hours after ARDS onset accurately stratified outcomes in this PARDS cohort, although initial values were not helpful for prognostication. Definitions of ARDS may benefit from addressing timing of oxygenation metrics to stratify disease severity. Figure 6 . Mortality rates over time in published pediatric observational cohorts in the Western hemisphere with sample sizes at least 100 ventilated patients with diverse acute lung injury/acute respiratory distress syndrome-type entry criteria. The solid regression line shows a decreasing mortality over time, with dotted lines depicting 95% CIs. Size of circles reflects relative sample sizes. The assigned year represents the final year of patient accrual for a given study. Since we wished to compare the mortalities of as homogenous a population as possible, Flori et al (4) were restricted to the 237 initially intubated patients, and Khemani et al (21) restricted to the 192 patients with bilateral infiltrates on radiograph.
